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ABSTRACT DNA encoding a P-type ATPase was cloned
from the cyanobactertum Synechococcus 7942. The cloned ctaA
gene encodes a 790-amino acid polypeptide related to the CopA
Cu2+-uptake ATPase of Enerococcus hime, to other known
P-type ATPases, and to the candidate gene products for the
human disass of copper metabolism, Menkes disease ind
Wilson diease. Disruption of the single chromosomal gene in
Synechococcus 7942 by insertion of an antibiotic-resistance
cassette results in a mutant cell line with increased tolerance to
Cu2+ compared with the wild type.

P-type ATPases are a large family of enzymes so named
because of a phospho-aspartate intermediate in the ATP-
driven cation transport cycle (1-3). They are found in pro-
karyotes as well as lower eukaryotes, plants, and animals.
The most familiar P-type ATPases are the Ca2+-ATPase of
the muscle sarcoplasmic reticulum and the Na+/K+-
exchange ATPase ofanimal cell membranes (3). A wide range
of differing cation specificities has been demonstrated for
P-type ATPases of prokaryotes (4). All known P-type
ATPases have several regions of conserved amino acid
sequences (5) including a heptapeptide with an aspartate
residue that is phosphorylated and dephosphorylated during
the ATPase/transport cycle (1-3). All of these membrane
ATPases transport cations, but the specific cation (H+, Na+,
K+, Ca2+, Mg2+, Cd2+, or Cu2+) and the direction of trans-
port (inward, outward, or cation-for-cation exchange) differ
from one to another. A Cys-Pro-Cys sequence is found in the
proposed membrane channel region of all bacterial P-type
ATPases (4), except for the Escherichia coli KdpB K+-
ATPase (6, 7).
The number of identified P-type ATPases is growing rap-

idly. In the course of cloning other genes from Synechococ-
cus 7942, we found one that appears to encode a P-type
ATPase. During the preparation of this paper three other
cyanobacterial P-type ATPase sequences were published (8,
9). The first of these new reports concerns two genes for
P-type ATPases from the same Synechococcus strain used in
this study (8). However, the sequences of these genes differ
significantly from the one we describe here. In addition,
biochemical evidence indicates that the Synechococcus
plasma membrane contains a P-type ATPase (10).
We report the complete sequence of the DNA and the

predicted gene product,§ as well as phenotypic analysis of a
mutant strain of Synechococcus 7942 in which the gene,
named here ctaA (Cu2+ transport ATPase), was inactivated.
CtaA appears to be involved in Cu2+ transport into the cells.
Although supporting data are often unavailable, it is likely
that all or most prokaryotic cells have essential copper
enzymes involved in electron transfer and therefore require
Cu2+ transport systems (11).

MATERIALS AND METHODS
Strains and Growth Conditions. Wild-type Synechococcus

7942 was grown in a modified liquid BG11 medium (12)
without Na2SiO3-9H20. Small cultures were grown with
constant agitation in a 300C incubator (with 2% C02/98% air)
under white fluorescent light [about 30 ,uE'm-2-s'; 1 puE
(microeinstein) = 1 ,mol of photons]. Large cultures were
bubbled with 2% C02/98% air. Insertion-mutant strain K10,
carrying a kanamycin-resistance cassette from pUC4K
(Pharmacia), was selected on plates containing kanamycin at
50 ug/ml. For selective growth of E. coli strain DH5a
(GIBCO/BRL) carrying antibiotic-resistance plasmids, am-
picillin at 100 pug/ml or tetracycline 12 pig/ml was used.

Cloning and Sequence Determination. Standard molecular
genetic techniques, including DNA isolation, restriction nu-
clease digestion and ligation, and Southern and Northern
blotting, were as described by Sambrook et al. (13). Genomic
DNA was prepared from cells of Synechococcus 7942 ac-
cording to Brusslan (14). RNA isolation was as described by
Schaefer and Golden (15). A fragment containing part of the
ctaA gene was isolated from a two-step size-fractionated
Synechococcus DNA library. Synechococcus genomic DNA
was first digested with BamHI and the restriction fiagments
were separated by electrophoresis in an agarose gel. Frag-
ments of 3-6 kb were isolated and digested with HindIII.
Fragments of 2-3 kb were isolated, cloned into plasmid
pBR322, and transformed into E. coli strain DH5a. Clone
pLP180 (containing a 2.6-kb HindIII-BamHI fiagment) was
identified by screening individual plasmid DNAs with an E.
coli fabE (16) fragment as probe. A 320-bp Pst I-BamHI
fragment was isolated from the HindIII-BamHI insert of
pLP180 and used as probe to screen a library of wild-type
Synechococcus genomic DNA in the cosmid vector pWB79
(prepared by J. Brusslan, University of Chicago). A 7-kb
HindIll fragment was identified and smaller restriction nu-
clease fragments from it were subcloned into pUC18 and
pBluescript vectors (Stratagene).

Subclones for sequencing were generated either by nested
deletion using the Erase-a-base kit (Promega) or by digesting
the original clones with appropriate restriction nucleases and
religating. Sequencing was done on both strands by the
dideoxy chain-termination method with Sequenase version
2.0 (United States Biochemical) with either M13 universal
and reverse primers or synthetic oligonucleotide primers.
Fig. 1 summarizes the physical map of the 7-kb HindIII
fragment and the 4.5-kb HindIII-EcoRV region within it that
was sequenced completely on both strands.

Insertional Inactivation of the ctaA Gene. The kanamycin-
resistance cassette from pUC4K was inserted between the
Bgl II and Pst I sites of pLP1.5 (a pUC18-derived plasmid
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§The sequence reported in this paper has been deposited in the
GenBank data base (accession no. U04356).
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FIG. 1. Physical map of part of a 7-kb HindIII fragment of Synechococcus 7942 DNA carrying the ctaA gene. Stippled box indicates the
4.5-kb HindIII-EcoRV region sequenced in this work. Arrows identify the locations and orientation of genes and open reading frames (ORFi
and ORF2).

carrying a 1.5-kb Sph I-BamHI fragment of Synechococcus
DNA; see Fig. 1). The resulting plasmid, pLG1.5, was used
to transform wild-type Synechococcus 7942, selecting for
kanamycin-resistant (Kmr) transformants. Individual trans-
formants were picked and grown in liquid medium containing
the appropriate antibiotic. Interruption of the ctaA gene by
insertion of the gene cassette was confirmed by Southern
hybridization using the purified cassette and the 1.5-kb Sph
I-BamHI fragment as probes (data not shown). One trans-
formant, strain K10 (Kmr), was chosen for further charac-
terization.

Construction ofSequence Homology Trees. The trees in Fig.
4 were constructed by using the computer programs of Feng
and Doolittle (17). For Fig. 4A, 33 amino acids from the
putative metal-binding motifs were compared with one an-
other. For Fig. 4B, entire amino acid sequences were used in
all cases except the Menkes and Wilson disease gene prod-
ucts, where only the last 900 amino acids from the Menkes
sequence and the last 895 amino acids from the Wilson
sequence were used for comparison.

RESULTS
Cloning. The gene for the Synechococcus ATPase was

cloned while searching for a different gene, that for the
biotin-carboxyl carrier protein (BCCP), with a fragment of
thefabE gene from E. coli (16) as probe. As was subsequently
clarified by DNA sequencing, the Synechococcus ctaA frag-
ment and the E. coli probe contain a perfect match of 17
nucleotides, AGCGCCAGCAGCAGCGG, a coincidence for
which we lack an explanation. When the gene for BCCP from
Synechococcus 7942 was later cloned and sequenced (L.T.P.
and R.H., unpublished work), it became clear that the
Synechococcus and E. coli fabE sequences are sufficiently
dissimilar to preclude use of the E. coli gene to identify the
cyanobacterial gene.
The DNA sequence of one end (see below) of the initially

cloned 2.6-kb HindIII-Sal I fragment (Fig. 1) showed a
perfect 51-nucleotide match with a sequence determined by
Cozens and Walker (18) for a fragment of a gene encoding an
undefined P-type ATPase, downstream and in the opposite
orientation from genes for subunits P and e of the F1F0
ATPase of photophosphorylation and oxidative phosphory-
lation from the related cyanobacterial strain Synechococcus
6301. We then cloned the remainder of the Synechococcus
7942 gene and determined its sequence and function.

Sequence Analysis. The 2.4-kb Sph I-Pspl406I region (Fig.
1) from a 4.5-kb HindIII-EcoRV fragment including the
entire open reading frame of 2370 bp capable of encoding a
790-amino acid P-type ATPase was sequenced completely on
both strands. Upstream by 833 bp from the ATPase reading
frame is a 216-bp open reading frame in the opposite orien-
tation (ORF1), potentially encoding a 72-amino acid poly-
peptide that is 50% identical in sequence to the N-terminal
portion of the VapA protein (19) of Dichelobacter nodosus,
the causative agent of sheep foot rot. Although thought to be
in a region of virulence associated proteins (hence vap) in D.
nodosus, there is no evidence for a function of this protein in
either D. nodosus or cyanobacteria. Between the ctaA gene

and ORFi is a 624-bp open reading frame (ORF2) in the same
orientation as ORFi. The potential translation product of
ORF2, however, is not sufficiently similar in sequence to
anything in the available libraries to allow us to guess its
function. Downstream by 394 bp from the TGA stop codon
of the ctaA gene (Fig. 1) is the 3' end of the atpE gene
(encoding the e subunit of the F1F0 ATPase) that was initially
sequenced by Cozens and Walker (18). Since Synechococcus
7942 and Synechococcus 6301 are closely related (20), it is not
surprising to find identical sequence in the Sal I-EcoRV
region sequenced from both strains.
Growth of Mutant K10. In order to understand the physi-

ological function of CtaA, mutant K10 was constructed by
replacing a 400-bp Bgl II-Pst I fragment ofthe ctaA gene with
a kanamycin-resistance gene cassette. Southern blot analysis
(data not shown) confirmed that the cassette was inserted in
the ctaA gene in the K10 strain. No difference in growth rate
compared to the wild-type strain was observed when K10
was grown in the modified liquid BG11 medium described
above (Fig. 2; circles). The wild-type and mutant strains were
also grown in media supplemented with various cations
(Zn2+, Cd2+, Cu2+, Mg2+, Co2+, Ni2+, Ag+). The K10 strain
was able to grow at a Cu2+ concentration (10 ,uM) that
inhibited wild-type cell growth (Fig. 2, triangles). At 10 ,uM
Cu2+, wild type cells lost pigment and bleached over 3 days.
The K10 cells remained green and grew after a 2-day lag.
Disruption ofthe ctaA gene therefore rendered the cells more
tolerant to Cu2+ than the wild-type cells. The other cations
tested did not affect the growth of the K10 strain distinguish-
ably from that of the wild-type strain.

DISCUSSION
The presumed amino acid translation product of the ctaA
gene shows several conserved regions common to all P-type
ATPases. Four regions with ascribed biochemical functions
that are common to all P-type ATPases are shown in Fig. 3
A-D. Fig. 3A displays the "phosphatase" region (5) contain-
ing the conserved tripeptide Thr-Gly-Glu, thought to function

3

2

To
00
Wl

C)

0.1
0 20 40 60 80 100 200

Time, hr

FIG. 2. Growth of wild-type and mutant Synechococcus 7942 in
media with various Cu2+ concentrations. Growth was monitored by
measuring optical density at 580 nm. Open symbols, wild type (wt);
closed symbols, mutant K10; circles, modified liquid BG11 medium
containing 0.3 AtM CUS04; squares, medium containing 3 PM CUS04;
triangles, medium containing 10 AM CUSO4.
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A. Phlsphatase Region

CtaA
PacS
Menkes
CopA
CopB
CadA
KdpB
Pmal
PacL

CtaA
PacS
Menkes
CopA
CopB
CadA
KdpB
Pmal
PacL

CtaA
PacS
Menkes
CopA
CopB
CadA
KdpB
Pmal
PacL

267 GDYVQVLPGDRIPVDGCIVAGQST-LDTAMLTGEPLPQPCQVGD 309
257 EDWVRVRPGEKVPVDGEVIDGRST-VDRSMVTGESLPVQXQVGD 299
845 GDI IKVVPGGKFPVDGRVIEGHSM-VDESLITGEAMPVAKKPGS 787
248 DDILVIRPGEQVPTDGRI IAGTSA-LDE5MLTSVPVEXKEKD 290
264 GDRLIVRAGDKMWTDGTIDKGHTI-VDESAVTGZSKGVKKQVGD 306
237 GDIMIVKPGEKIAMDGI IVNGLSA-VNQAAITGZSVPVSKAVDD 279
129 GDIVLVEAGDIIPCDGEVIEGGAS-VDZSAITGmSAPVIRESGG 169
153 GDIVSLASGDKVPADLRLLKVRNLQVDZSALTGEAVPVEK-AVE 195
156 GDLILLEAGDQVPADARLVESANLQVKESALTGZAEAVQXLADQ 199

425 ISVLVVACPCALGLATPTAILVATGLAAEQGILVRGGDVLZ
383 VGVMI IACPCALGLATPTSIMVGTGKGAEYGILIKSAESLE
993 ITVLCIACPCSLGLATPTAVMVGTGVGAQNGILIKGGEPLZ
374 VSVLVIACPCALGLATPTAIMVGTGVGAHNGILIXGGEAIZ
389 VTVFI IASHALGLAIPLVVARSTSIAAKNGLLLKNRNAM2
364 LAVLVVGCPCALVISTPISIVSAIGNA&KKGVLVXGGVYLE
256 VALLVCLIPTTIGGLLSASAVAGMSRMLGANVIATSGRAVE
292 VALAVSGIPEGLPAVVTVTLAIGVNRMAKRNAIIRKLPAVE
296 LSMAVAIVPEGLPAVITVALAIGTQRMVQRESLIRRLPAVE

475
433

1043
424
439
414
306
342
348

465
423

1033
414
429
404
296
332
336

FDKTGTLTQGQFEL 488
LDKTGTLTQGQPSV 446
FDKTGTITHGTPVV 1056
LDKTGTITQGRPEV 437
LDKTGTLTQGKFTV 452
FDKCTGTLTKGVPVV 427
LDKJTGTITLGNRQA 319
SDKTGTLTENQMTV 356
SDKTGTLTQNKCMW 362

D. Hinge Region and ATP-Bindlng Domain

CtaA
PacS
Menkes
CopA
CopB
CadA
KdpB
Pmal
PacL

657
622

1289
609
626
608
506
639
649

CtaA 20
MenkesA 14
MenkesB 177
MenkesC 283
MenkesD 383
MenkesE 494
MenkesF 570
CopA 12
PacS 9
CadA 18

LQSRGQVVI3MVGDGINDAPALAQVGIMG-TGTDVAIAASDITLI
LQEEGKRVAKVGDGIkvSPALANVGIAIG-TGTDVAIEAADVVLI
LQKAGKKVIVGDGMIDAPALRLADVGIMG-SGTDIAMETADVTLM
YLDQGKKVIMVGDGInDAPSLARATIGMkIG-AGTDIAIDSADVVLT
MQSEYDNVAMIGGVNDAPAIAASTVGIAMGGAGTDTAIETADIALM
YQAEGRLVAITGDGTNDAPAIAQADVAVAMN-SGTQAAKEAGNMVDL
LQEKGHIVMTGDGVMNPALKRADIGIAMGKGGTEVARESSDMLLT

VEGMKCAGCVPAAVERRLQQTAGVEAVSVNLITR
VEG(TCNSCVWTIIQQIGKVNGVHHIKVSLEEK
VEGITCHSCTSTIEGKIGKLQGVQRIKVSLDNQ
IDGKHCKSCVSNIESTLSALQYVSSIWSLENR
IDGMCNSCVQSIZGVISKKPGWSIRVSLANS
VTGUTCASCVANIERNLRREEGIYSILVALMAG
VRG)TCASCVHKIESSLTKHRGILYCSVALATN
ITGQTCANCSARIEKELNEQPGVSATVNLATE
LRGKGCAACAGRIE.ALIQALPGVQECSVNFGAE
VQGFTCANCAGKFEKNVKKIPGVQDAKVNFGAS

52
46

209
315
415
526
602
44
41
50

FIG. 3. Amino acid sequence alignments of the predicted P-type
ATPase CtaA with the conserved domains of several bacterial P-type
ATPases and the human Menkes disease gene product. PacS and
PacL (8), CopA, CopB (21), CadA (22), KdpB (6), and Pmal (9)
sequences have been published. (A) Phosphatase region. (B) Ion
transduction region. (C) Phosphorylation site. (D) Hinge region and
ATP-binding domain. (E) Putative metal-binding motifs and Menkes
A-F Cu2+-binding motifs in order (23-25). Amino acids are shown in
boldface type at positions where they are identical in more than
ofthe sequences compared [by CLUSTAL Vprogram (31)J. Asterisk (*)
indicates the conserved aspartate residue that is the site of phos-
phorylation. For alignment purposes, a gap (-) was introduced in the
sequences when needed.

in removing the phosphate group from the phosphorylation
site (shown in Fig. 3C). The presumed "ion transduction"
region (Fig. 3B) includes a proline residue (Pro433 in the
Synechococcus CtaA sequence) that is conserved in all
known P-type ATPases. It appears in a presumed membrane-
spanning helical region and may participate in the conforma-
tional change responsible for opening and closing the trans-
port channel (1-4). For the Menkes sequence (23-25) and
four of the bacterial examples (8, 21, 22) shown, this proline
residue is between cysteines that are thought to provide metal
coordination (4, 21). The cysteines are not found in the KdpB
K+-ATPase sequence (6), nor in the other two cyanobacterial
ATPase sequences, PacL and Pmal (8, 9). The ion transduc-
tion region is thought to span the membrane and to constitute
an essential part of the cation transduction channel and
specificity determinant (4, 21). Note the higher degree of
similarity among CtaA, PacS, the Menkes ATPase, CopA,
and CopB in this region. Seven residues further in the
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sequence, another highly conserved proline occurs in this
group of ATPases. Forty-four residues after the conserved
proline in the membrane region is an absolutely conserved
aspartate residue (Fig. 3C; Asp476 in the Synechococcus CtaA
sequence). This is the amino acid that is phosphorylated
during the ATPase/transport reaction cycle. The phosphor-
ylation site includes, in addition to the aspartate residue, a
region completely conserved for seven of nine residues in the
nine examples shown (eight bacterial ATPases with different
cation specificities plus the human Menkes ATPase).

Fig. 3D shows the alignment ofa region that was previously
referred to as the "hinge region" but later proposed to be an
ATP-binding domain with a protein kinase activity (1-3, 5).
In sum, the alignments shown in Fig. 3 A-D place the
Synechococcus ATPase CtaA within the family of cation-
translocating P-type ATPases from bacterial and animal
sources.

Fig. 3E shows the alignment of a hypothesized "metal-
binding motif" region shared by Cu2+ and Cd2+ P-type
ATPases (4, 8). The Synechococcus CtaA sequence is about
equally similar to that of the fifth human Menkes motif and
the Enterococcus CopA sequence in this region (Fig. 3E; ref.
4).

Relaionship of the CtaA ATPase to Other P-Type Cu+-
ATPases. The sequence alignment trees in Fig. 4 suggest the
placement of the CtaA ATPase among related proteins.
However they mostly provide a basis for direct experimental
testing. The amino acid comparison of the entire CtaA
sequence with its closest homologs in the protein sequence
libraries (Fig. 4A) suggests that CtaA may be a Cu2+-uptake
ATPase, most similar to CopA ofEnterococcus hirae (21, 26).
Disruption ofthe copA gene leads to a copper requirement for
growth and disruption ofthe linked copB gene leads to greater
copper sensitivity, leading to the current hypothesis that
CopA is an uptake ATPase and CopB an efflux ATPase (21,
26). However, no transport data or intracellular copper
measurements are available for E. hirae. Disruption ofCopA
also leads to higher resistance to Ag+ cations than shown by
wild-type cells, as if the CopA uptake ATPase shares a
substrate specificity for Cu2+ and Ag+. However, in our
experiments Synechococcus wild-type and mutant K10 cells
were equally sensitive to Ag+ (data not shown).
Alignments of the entire P-type ATPase sequences (Fig.

4A) places CtaA closest to Synechococcus PacS (perhaps
because of shared cellular origin) and Enterococcus CopA
(perhaps because ofshared cation specificity). The other two
cyanobacterial P-type ATPases, PacL and Pmal, group to-
gether on a distant branch that includes the rabbit Ca2+-
ATPase.
The conservation of all essential motifs of P-type ATPases

(Fig. 3) in CtaA leaves little doubt that the gene determines
a P-type ATPase, but does not establish substrate specificity.
The putative metal-binding motif of CtaA fits within the
branch of the tree (Fig. 4B) ascribed to Cu2+-binding motifs
(4), along with the Enterococcus CopA sequence and those
for human ATPases from Menkes syndrome and Wilson
disease (27). These human hereditary diseases result from
defective Cu2+ transport. Menkes syndrome is primarily
related to blockage of Cu2+ uptake across the intestinal
mucosal lining. Wilson disease is related to inability to
discharge Cu2+ from the liver into blood circulation and bile.
The other cyanobacterial metal-binding motif (from the PacS
sequence of Synechococcus 7942) fits in another branch that
consists otherwise of Cd2+-efflux ATPases (Fig. 4B). How-
ever, disruption of the pacS gene leads to Cu2+ hypersensi-
tivity (8), as if it were a Cu2+-efflux ATPase. Cu2+ uptake
measurements with still another cyanobacterium, Nostoc
calcicola, were earlier interpreted as involving an efflux
mechanism for Cu2+ resistance (28). For all metal-binding
motifs in Fig. 4B, there are only sequences and computer

B. Ion Transduction Region

C. Phoaphorylation Site

E. Putative Metal-Binding Motif
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A. ATPases B. Putative metal-binding motifs

CtaA
-CopA Bac
Wlson a

9 Menkes

- Wilson

- Menkes F

5.8 Wilson

Xi Menkes B
9.6

19.1 Menkes nmot

07 Wilson A

-Wilson mot
-Menkes

Wilson

Menkes-I]

.terial Cu2 +

a

n

I+

Bacterial Cd2+

FiG. 4. Trees of sequence similarity relationships of the P-type ATPases. Tree of alignment of overall P-type ATPase sequences (A) and
tree of alignment of putative metal-binding motifs (B) were produced by using the programs of Feng and Doolittle (17). The branch lengths are
in arbitrary units, calcul from a scoring algorithm using both identities and close similarities between amino acids. The distances are
considered to reflect actual evolutionary distances (17).

modeling. Only for the periplasmic Hg2+-binding protein with
a homologous metal-binding motif(not shown in Fig. 4B; ref.
4) are there experiments that show both the need for the
conserved cysteines (29) and a structure based on NMR
analysis (30).
The similarity between CtaA and the two human ATPases

for Menkes syndrome and Wilson disease (Figs. 3 and 4)
suggests that the cyanobacterial CtaA system will provide an
experimentally accessible model for studies of structure-
function relationships in the human gene products that also
have been identified only from cDNA sequences and for
which direct biochemical data are missing.
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